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Available online 5 June 2019Cu-Zn-Mn-Ni-Sn high-entropy (HE) and Cu-Zn-Mn-Nimedium-entropy (ME) brasseswere designed and the in-
gots were fabricated by conventional casting process via metallic mold casting. The ingots of the equiatomic
CuZnMnNi ME brass showed dendrite structures composed of body-centered-cubic (BCC) and face-centered-
cubic (FCC) phases. A single FCC phase was obtained in the ingots of non-equiatomic CuxZnMnNi (x = 2, 3,
and 4) ME brasses. The addition of Sn to CuxZnMnNi (x = 1, and 2) ME brasses significantly affected the solidi-
ficationmicrostructure and the constituent phases. The ingots of the CuZnMnNiSn0.2 HE brass showed only sharp
peaks corresponding to BCC phase in XRD patterns. The Sn addition to CuxZnMnNi (x=1, and 2)ME brasses led
to superior mechanical strength in the ingots.









. This is an open access article under1. Introduction
High-entropy alloys (HEAs) and/or compositionally complex alloys
(CCAs) have been a subject of considerable interest in the field of mate-
rials science and engineering [1–7]. These alloys consist of multicompo-
nent elements with an approximately equiatomic ratio of various
components for maximizing the configurational entropy, whichthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Cu 0.128 Cu 1356
Zn 0.133 Zn 692
Mn 0.112 Mn 1517
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Fig. 1.Matrixes of (a) mixing enthalpy for i-j atomic pairs (ΔHi-j), (b) atomic radii (r), and
(c)melting temperature (Tm)of Cu, Zn,Mn,Ni, Al, and Sn elements for thedesign of Cu-Zn-
Mn-Ni and Cu-Zn-Mn-Ni-Sn alloys.
2 T. Nagase et al. / Materials and Design 181 (2019) 107900stabilizes the solid-solution phase. The complex arrangement of differ-
ent atomic species gives rise to a number of advantages in HEAs over
common and single-element-based alloys for structural materials.
These include the formation of a solid solution that gives rise to
deformability and a severely distorted lattice, thereby strengthening
the material. New families of HEAs based on Cu-Zn-based alloys
(brasses) and Cu-Sn-based alloys (bronzes), namely high-entropy
(HE) brasses and bronzes, respectively, were suggested by Laws et al.
[8]: they reported on quaternary Cu-Mn-Ni-Al, Cu-Mn-Ni-Sn, and Cu-
Zn-Mn-Ni, and five-component Cu-Mn-Ni-Al-Sn and Cu-Zn-Mn-Ni-Sn
alloys. Mridha et al. also reported on Cu-Zn-Ti-Fe-Cr HEAs prepared by
powder metallurgy [9]. Various alloy systems have been suggested in
HE brasses; however, the dominant factors for controlling the micro-
structure have not been clarified. In the present study, Cu-Zn-Mn-Ni-
Sn HE brasses, whose mixing entropy (ΔSmix) was above 1.5R (R being
the gas constant), and Cu-Zn-Mn-Ni medium entropy (ME) brasses,
whose ΔSmix was above 1.38R, were designed using the alloy parame-
ters for HEAs. Moreover, bulk specimens were fabricated by a conven-
tional casting process, as in, via high-frequency melting with silica-
based crucibles under Ar flow and centrifugal casting in a metallic
mold under air. The constituent phases, solidification microstructure,
and mechanical properties of the ingots of equiatomic the CuZnMnNi
ME brass, non-equiatomic CuxZnMnNi (x = 2, 3, and 4) ME brasses,
CuZnMnNiSn0.2, and Cu2ZnMnNiSn0.45 HE brasses were investigated.
Hereafter, the alloys are identified by the ratio of the component ele-
ments; e.g., the alloy with an atomic ratio of Cu:Zn:Mn:Ni = 1:1:1:1 is
described as CuZnMnNi, and the alloy with an atomic ratio of Cu:Zn:
Mn:Ni:Sn = 1:1:1:1:0.2 is described as CuZnMnNiSn0.2. The alloy
maps were constructed to predict the constituent phases as a function
of Sn addition and change in Cu concentration.
2. Alloy design
An entropy-based definition was suggested and has been widely
adopted, because the phrase “high entropy” suggests a definition
based on the magnitude of entropy, as explained in detail in literature
[5,6]. The entropy-based definition is as follows:
ΔSmix ¼ −R∑ni¼1xi lnxi ð1Þ
ΔSmix≥1:5R HEAð Þ ð2Þ
where ΔSmix is themixing entropy of an ideal solid solution and a regu-
lar solid solution, R is the gas constant (8.314 J/Kmol), and xi is themole
fraction of the element i. Based on ΔSmix, a medium-entropy alloy
(MEA) and low-entropy alloy (LEA) can be defined as follows:
1:0R≤ΔSmix≤1:5R MEAð Þ ð3Þ
ΔSmix≤1:0R LEAð Þ ð4Þ
The ΔSmix of the equiatomic CuZnMnNi alloy, which is a MEA, is
1.39R. The ΔSmix of CuZnMnNiSn0.2 and Cu2MnZnNiSn0.45 alloys are
1.51R, and these alloys are HEAs, based on the entropy-based definition.
Various parameters were used for predicting solid solution formation in
HEAs and/or CCAs. The parameters of the mixing enthalpy (ΔHmix)
(Eq. (5)) [3,5,6,10], theΩ parameter [5,6,11] (Eq. (6)), and the δ param-
eter [3,5,6,10,11] (Eq. (7)) were used in the present study.












Tm ¼ ∑ni¼1xi∙ Tmð Þi ð8Þ
r ¼ ∑ni¼1xiri ð9Þ
ΔHi-j is themixing enthalpy of anX-Y binary system at an equiatomic
composition (X50Y50) for the liquid phase, Tm is the average melting
temperature derived from the rule governing a mixture of pure ele-
ments and their melting temperatures, (Tm)i is themelting temperature
of the i-th element, ri is the atomic radius of the i-th element, and r is the
average atomic radius. The values of ΔHi-j and riwere obtained from lit-
erature [12]. Zhang et al. reported that a solid-solution phase tended to
formwhen−20 ≤ΔHmix ≤ 5 [kJ/mol], δ ≤ 6.4, and 0.012 ≤ΔSmix ≤ 0.0175
[kJ/mol] [3]. Guo et al. suggested that the following conditions promote
the formation of solid solutions: −11.6 ≤ ΔHmix ≤ 3.2 and δ ≤ 6.5 [10].
Yang et al. suggested that δ ≤ 6.6 and Ω ≥ 1.1 should be used to predict
the formation of the solid-solution phases [11]. Although some inconsis-
tencies are observed between the above-mentioned criteria, they are
helpful for predicting the formation of solid-solution phases in multi-
component alloys [5,6].
As the first step of alloy design in HE and ME brasses, the values of
ΔHi-j, ri, and (Tm)i are discussed. These values are necessary for the cal-
culation of the alloy parameters ΔHmix (Eq. (5)), Ω (Eq. (6)), and δ
(Eq. (7)). Fig. 1 shows the matrixes of ΔHi-j, ri, and (Tm)i for Cu, Zn,
Mn, Ni, Al, and Sn including Cu-Zn-Mn-Ni ME brasses and Cu-Zn-Mn-
Ni-SnHEbrasses,where these elementswere selected based on the pre-
vious research works by Laws et al. [8]. The absolute values of ΔHi-j
(Fig. 1a) in the Cu, Zn,Mn, andNi atomic pairs were b10 kJ/mol, indicat-
ing the low value of ΔHmix in quaternary Cu-Zn-Mn-Ni alloys. The abso-
lute values of ΔHi-j in the Al\\Mn and Al\\Ni atomic pairs showed the
large negative values. In contrast, large absolute values of ΔHi-j of
above 10 kJmol−1 were not observed in the atomic pairs between Sn
and Cu-Zn-Mn-Ni. This indicates that the solid solution tendency in
five-component Cu-Zn-Mn-Ni-Sn alloys is higher than that for five-
component Cu-Zn-Mn-Ni-Al alloys, from the viewpoint of ΔHmix. The
values of ri (Fig. 1b) show an average value of 0.125 nm for Cu, Zn,
Mn, and Ni (0.125 nm for equiatomic CuZnMnNi), whereas that of Mn
was much lower. The ri of Al and Sn was larger than the average value
of ri among Cu, Zn, Mn, and Ni (0.125 nm), and there was no significant
difference in ri between Al and Sn. The addition of Al and Sn was not fa-
vorable for the solid solution formation from the viewpoint of the δ
3T. Nagase et al. / Materials and Design 181 (2019) 107900parameter. The values of (Tm)i (Fig. 1c) for Zn were much lower than
that of Cu, Mn, and Ni. The decrease in the liquidus and solidus temper-
atures in alloys,which is considered to be relatedwith the averagemelt-
ing temperature Tm, was favorable for the casting process. It should be
noted that the significantly large differences in the value of (Tm)i
among the constituent elements in multi-component alloys implied
the difficulty in themelting and solidification process for the fabrication
of the ingots via a casting process. In five-component Cu-Zn-Mn-Ni-Sn
alloys, the (Tm)i of Sn was much lower than that of Cu, Zn, Mn, and Ni.
The difference in (Tm)i among constituent elements should be consid-
ered for the development of HE brasses and ME brasses, i.e., the one of
the most important topics for ME and HE brasses is the following; can
we fabricate ingots of HE brasses and ME brasses by conventional cast-
ing processes in spite of the significant differences in melting tempera-
ture among constituent elements?
The second step for the alloy design is the determination of the alloy
parameters to predict the formation of solid solution phases in quater-
nary CuxZnMnNi, CuZnxMnNi, CuZnMnxNi, and CuZnMnNix alloys; the
results are shown in Fig. 2. The quaternary Cu-Zn-Mn-Ni alloy system
was selected because of the low absolute values of ΔHi-j among Cu, Zn,
Mn, and Ni (Fig. 1a). CuxZnMnNi (x≥1) alloys were designed because
of the small differences in ri between rCu (0.128 nm) and the average
value of ri among Cu, Zn, Mn, and Ni (0.125 nm for equiatomic
CuZnMnNi) (Fig. 1b). CuZnxMnNi (x≥1) alloys were designed because
of the low (Tm)Zn (Fig. 1c) for decreasing liquidus and solidus tempera-
tures in alloys. CuZnMnxNi (x≤1) alloys were designed to reduce the
value of δ because Mn has the lowest ri among the elements (Fig. 1b).
CuZnMnNix (x≤1) alloyswere designed to decrease the liquidus and sol-
idus temperatures to facilitate casting processes. The value of ΔSmix de-
creases when the value of x moves away from unity in CuxZnMnNi,
CuZnxMnNi, CuZnMnxNi, and CuZnMnNix (Fig. 2a). A large value ofS
R
Fig. 2. Alloy parameters to predict the formation of solid solution phases in CuxZnMnNi, CuZnxM
mixing entropy and gas constant, (b) mixing enthalpy ΔHmix [kJ/mol], (c) Ω parameter, and (dΔSmix of above 1.0Rwas found for CuxZnMnNi, CuZnxMnNi, CuZnMnxNi,
and CuZnMnNix for a wide range of x (0.1≤x ≤4) (Fig. 2b). The absolute
values of ΔHmix in CuxZnMnNi (x≥1), CuZnxMnNi (x≥1), CuZnMnxNi
(x≤1), and CuZnMnNix (x≤1) were low, indicating high solid-solution
formation tendencies [3,5,6,19]. The large values of Ω in CuxZnMnNi
(x≥1), CuZnxMnNi (x ≥1), CuZnMnxNi (x ≤1), and CuZnMnNix (x≤1) al-
loys (Fig. 2c), above 1.1, also indicate the high solid-solution formation
tendency [5,20]. The δ value of equiatomic CuZnMnNi was 6.2 and the δ
values of in CuxZnMnNi (x≥1) and CuZnxMnNi (x≥1) decrease with the
increasing x values, indicating the high-solid solution formation ten-
dency in CuxZnMnNi (1≤x ≤4) and CuZnxMnNi (1 ≤x ≤4) alloys from
the viewpoint of the difference in the atomic radius among constituent
elements. The decrease in the x value is effective to decrease the δ value
in CuZnMnxNi (x≤1) alloys (Fig. 2d). In contrast, the decrease in the x
value increases the δ value of CuZnMnNix (x≤1) (Fig. 2d). Among the
abovementioned alloys, which show a high solid-solution tendency
based on empirical alloy parameters (ΔHmix, Ω, and δ), CuxZnMnNi
(x≥1) showed significantly low (close to zero) absolute values of
ΔHmix (Fig. 2b) and large Ω values (Fig. 2c). The δ value in CuxZnMnNi
(x≥1) was low similar to that in CuZnxMnNi (x≥1) (Fig. 2d). Based on
the above-described alloy design, ingots of CuxZnMnNi (x = 1, 2, 3,
and 4) alloys were fabricated in the present study.
In the third step, two different five-component alloys, CuZnMnNiSnx
and Cu2ZnMnNiSny, were designed. The Sn addition in Cu-Zn-Mn-Ni al-
loys was considered to be favorable compared to the Al addition from
the viewpoint of ΔHi-j and ΔHmix (Fig. 1a). The value of ri for Sn
(Fig. 1b) is the largest among the elements, indicating that the increase
in Sn concentration in Cu-Zn-Mn-Ni-Sn leads to an increase in the value
of δ. The five-component CuZnMnNiSnx (x≤1) alloys were designed. As
shown in Fig. 2, the increase in Cu concentration in CuxZnMnNi effec-
tively enhanced the solid-solution formation tendency, based on theH
nNi, CuZnMnxNi and CuZnMnNix alloys. (a)ΔSmix/R, where ΔSmix and R correspond to the
) δ [%] parameter.
Table 1
Alloy compositions (atomic percent, at.%) in CuxZnMnNi (x = 1, 2, 3, 4) ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses.
Alloys at. %
Cu Zn Mn Ni Sn
CuZnMnNi 25.00 25.00 25.00 25.00
Cu2ZnMnNi 40.00 20.00 20.00 20.00
Cu3ZnMnNi 50.00 16.67 16.67 16.67
Cu4ZnMnNi 57.14 14.29 14.29 14.29
CuZnMnNiSn0.2 23.81 23.81 23.81 23.81 4.76
Cu2ZnMnNiSn0.45 36.70 18.35 18.35 18.35 8.26
4 T. Nagase et al. / Materials and Design 181 (2019) 107900values ofΔHmix (Fig. 2b),Ω (Fig. 2c), and δ (Fig. 2d). In the present study,
the five-component Cu2ZnMnNiSny (y≤1) alloys, which is the combina-
tion of Cu-rich CuxZnMnNi and Sn, were also designed.
Fig. 3 shows the alloy parameters, ΔSmix, ΔHmix, Ω, and δ for the
solid-solution formation tendency in CuZnMnNiSnx and Cu2ZnMnNiSny.
The values of ΔSmix in CuZnMnNiSnx and Cu2ZnMnNiSny alloys in-
creased with increasing values of x and y (Fig. 3a). The minimum x
and y values to achieve ΔSmix/R≥1.5 were x = 0.2 in CuZnMnNiSnx
and y = 0.45 in Cu2ZnMnNiSny. The absolute values of ΔHmix in
CuZnMnNiSnx (x≤1) and Cu2ZnMnNiSny (y≤1) alloys decreased with
decreasing x and y, and showed that low, negative valueswere sufficient
for a high solid-solution forming tendency when considering the inter-
action of the constituent elements. The Ω values in Fig. 3c also showed
the high solid-solution forming tendencies in CuZnMnNiSnx (x≤1) and
Cu2ZnMnNiSny (y≤1) alloys. The δ values of CuZnMnNiSnx (x≤1) and
Cu2ZnMnNiSny (y≤1) alloys (Fig. 3d) increased with increasing x and
y. It should be emphasized here that the δ values in CuZnMnNiSn0.2 (x
= 0.2) and Cu2ZnMnNiSn0.7 (y = 0.7) were above 6.6, which is not fa-
vorable for the formation of solid solution phases. This indicates that
the values of x and y should be reduced to achieve high solid-solution
formation tendencies because of the suppression of the difference in
atomic radius of the constituent elements. In the present study,
CuZnMnNiSn0.2 (x = 0.2) and Cu2ZnMnNiSn0.45 (y = 0.45), where the
x and y have the minimum values to achieve ΔSmix/R≥1.5, were fabri-
cated by a conventional casting process.
3. Materials and methods
Table 1 summarizes the alloy composition in quaternary CuxZnMnNi
(x = 1, 2, 3, and 4) and five-component CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45. Commercial elemental shots of Cu (Mitsuwa PureS
R
Fig. 3. Alloy parameters to predict the formation of solid solution phases in CuZnMnNiSnx, andChemicals Co. Ltd., Japan [13], purity: 99.99%), Ni (Mitsuwa Pure
Chemicals Co. Ltd., Japan, 99.99%), Sn (Mitsuwa Pure Chemicals Co.
Ltd., Japan, 99.9%), lumps of Ni\\Zn pre-alloy ingots (Osaka Asahi Co.
Ltd. [14], composition: Ni27.81Zn72.19 [at.%]), and Cu\\Mn pre-alloy in-
gots (Osaka Asahi Co. Ltd., Cu45.62Mn54.38 [at.%]) were used as the
starting materials. Six alloy ingots of equiatomic CuZnMnNi, non-
equiatomic Cu2ZnMnNi, Cu3ZnMnNi, Cu4ZnMnNi, CuZnMnNiSn0.2, and
Cu2ZnMnNiSn0.45, whose nominal compositions are listed in Table 1,
were designed and prepared by metallic mold casting in this study.
Alloy ingots were prepared via the metal mold casting process using
centrifugal-casting equipment. The casting equipment used in the pres-
ent study was explained in previous papers in detail [15,16] and the
cooling rate of the metal mold casting process was roughly estimated
to be of the order of 100 Ks−1 [15,16]. It should be noted that to mini-
mize the loss of Zn and Mn during melting and casting, Ni\\Zn and
Cu\\Mn lumps of pre-alloys [14] were used, as opposed to pure Zn
shots and Mn flakes. A typical example of an ingot obtained by metallic
mold casting is shown in Fig. 4a (CuZnMnNi). Typical macroscopic cast-
ing defects such as shrinkage cavities were not observed in CuxZnMnNiH
Cu2ZnMnNiSny. (a) ΔSmix/R, (b) ΔHmix [kJ/mol], (c) Ω parameter, and (d) δ [%] parameter.


















Fig. 5. XRD patterns of CuxZnMnNi (x=1, 2, 3, and 4)ME brasses and CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 HE brasses. (a) CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and
(b) CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses.
5T. Nagase et al. / Materials and Design 181 (2019) 107900(x = 1, 2, 3, and 4) alloys and five-component CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 alloys, indicating that ingots without casting defects
can be obtained by high-frequency melting under Ar flow and centrifu-
gal casting using a metallic mold under Air. The structures of the ingots
were examined by X-ray diffraction (XRD) using Cu-Kα radiation, opti-
cal microscopy (OM), scanning electron microscopy (SEM) with
backscattered electron image (BEI) observation, electron probe micro-
analysis (EPMA) with wavelength dispersive X-ray spectrometry
(WDS) analysis, and scanning transmission electron microscopy
(STEM) observations. An etching solution containing iron (III) chloride,
hydrogen chloride, and ethyl alcohol (FeCl3: 1 g, HCl: 5 ml, C2H5OH:
200 ml) was used for the solidification structure observation by OM.
Thin films for STEM analysis were prepared by an ion thinning method
using the Gatan precision ion-polishing system. The micro-Vickers
hardness test was performed with a load setting of 0.2 kgf. Rectangular
specimenswith dimensions of approximately 3mm×3mm×6mmfor
compression testing were cut from ingots using an electron discharge
machine. The position of the rectangular specimens for compression
testing is schematically illustrated in Fig. 4b. Compression tests were
conducted using an Instron-type testingmachinewith a constant cross-
head speed, corresponding to an initial nominal strain rate of 2.8
× 10−3 s−1, at room temperature. At least three measurements were
performed on each sample.
4. Results
Fig. 5 shows the XRD patterns of the CuxZnMnNi (x = 1, 2, 3, and
4) ME brasses (Fig. 5a) and the CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45
HE brasses (Fig. 5b) fabricated by metallic mold casting. In the present
study, the formation of the intermetallic phasewith a B2 ordering struc-
ture is not discussed in detail; in addition, the formation of the BCC-
based phase is discussed only on the basis of the XRD patterns, similar
to other HEAs [5–7] and ME and HE brasses [9]. In the equiatomic
CuZnMnNi ME brass (Fig. 5a), the sharp peaks can be indexed as a
BCC phase (indexed as open squares, □) and an FCC phase (indexed as
filled circles,●). The sharp peaks in the XRD pattern of the CuxZnMnNi
(x = 2, 3, and 4) ME brasses correspond to the FCC phase (●) (see the
uppermost panel of Fig. 5a). Minor peaks, which were not indexed as
BCC and FCC phases, were observed in Cu3ZnMnNi, as indicated by the
black arrows in Fig. 5a. Theminor peaks may be corresponding to inter-
metallic compounds and ordering phases related to the constituent ele-
ments and/or inclusions formed during the casting process; however,
identification cannot be made because of their low intensity and be-
cause they are few in number. The peaks in the XRD patterns of the
CuZnMnNiSn0.2 HE brass can be indexed as a BCC phase (indexed as
open squares, □) (Fig. 5b). In the Cu2ZnMnNiSn0.45 HE brass, the sharp
peaks indexed as open star (☆) can be seen together with those of the
FCC phase (●). The identification of an XRD pattern in the
Cu2ZnMnNiSn0.45 HE brass is explained in more detail in Fig. S1 in the
supplementary file [12], where the phase indicated by open stars (☆)
may be aminor intermetallic phasewith an L21 structure. Themain con-
stituent phases of theCuxZnMnNi (x=1, 2, 3, and 4)ME brasses and theCuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HEbrasseswere identified as BCC
and/or FCC phases in the XRD patterns. The Cu concentration in the
CuxZnMnNi ME brasses and the addition of Sn to the CuZnMnNi and
Cu2ZnMnNi HE brasses show a significant effect on the constituent
phases in the alloy ingots prepared by a metallic mold casting process.
The solidification microstructures of the ingots obtained by metallic
mold casting were investigated by OM, SEM, EPMA, and STEM, focusing
on the Cu concentration in the CuxZnMnNi ME brasses and the effect of
Sn addition on the CuZnMnNiSnx and Cu2ZnMnNiSny HE brasses. The
results are shown in Figs. 6 and 7 as well as Tables 2 and 3. Fig. 6
shows the microstructure analysis results in the equiatomic CuZnMnNi
ME brass ingots, which is a typical example of a specimenwith dual BCC
and FCC phases (Fig. 6a1–a3), as well as the results for the Cu2ZnMnNi
ME brass, which has a single FCC phase (Fig. 6b1–b3). Fig. 6a1 shows a
macroscopic view of the solidification structure of the CuZnMnNi ME
brass, indicating the development of columnar grains from the surface
to the central area. A magnified OM image of the CuZnMnNi ME brass
Fig. 6. Microstructure of (a) equiatomic CuZnMnNi and (b) non-equiatomic Cu2ZnMnNi
ME brasses. (a1) Cross-section image of the ingot, (a2) OM image, (a3) EPMA-WDS
mapping. (b1) cross-section image of the ingot, (b2) OM image, (b3) OM image
focusing on the metallic mold-wall contact region (bottom side).
Fig. 7.Microstructure of (a) CuZnMnNiSn0.2 and (b) Cu2ZnMnNiSn0.45 HE brasses. (a1) OM ima
OM image, (b2) SEM-BSE image, (b3) magnified SEM-BSE image, (b4) EPMA-WDS mapping.
Table 2
Results of EPMA-WDS analysis in equiatomic CuZnMnNi ME brass.
Regions Cu Zn Mn Ni
A Dendrite 24.2 21.1 25.6 29.1
B Inter-dendrite 27.1 28.2 24.1 20.6
6 T. Nagase et al. / Materials and Design 181 (2019) 107900(Fig. 6a2) shows the typical dendrite structure formed in the dendrites
(indicated by A) and inter-dendrite regions (indicated by B). EPMA-
WDS elemental mapping results (Fig. 6a3) show that Cu and Ni were
enriched in the dendrite region (A) and Zn in the inter-dendrite region
(B). Table 2 shows the chemical composition analysis results of the den-
drite (A) and inter-dendrite (B) regions evaluated by EPMA-WDS. Both
the dendrite (A) and inter-dendrite (B) regions contained all constitu-
ent elements; furthermore, the differences in the chemical composition
between the region A and B were relatively small. The macroscopic so-
lidification structure in the CuZnMnNi ME brass (Fig. 6a2 and a3) was
similar to that in the [CuMnNi]80Zn20 alloy (Fig. 7a in reference [8]).
The development of columnar grains from the surface to the central
area was also observed in the Cu2ZnMnNi ME brass (Fig. 6b1). Fig. 6b2
shows themagnified image focusing on themetal-mold/ingot interface,
a typical example of the development of columnar grains from the sur-
face to the central area. The inclusions formed only at themetallicmold/
ingot interface region were not found in the Cu2ZnMnNi ME brass ingot
(Fig. 6b2), similar to the CuxZnMnNi (x = 1, 3, and 4) ME brasses and
the CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses. The magnified
image of the columnar grains showed a dendrite structure (Fig. 6b3);
the fraction of the inter-dendrite region in the Cu2ZnMnNi ME brass
(Fig. 6b3) was much lower than that in the CuZnMnNi ME brass
(Fig. 6a2). Based on the results of the XRD analysis (Fig. 5a) and micro-
structure observation (Fig. 6), the FCC andBCC phases correspond to the
dendrite region (A) and inter-dendrite region (B), respectively.
Fig. 7 shows the microstructure analysis results in the
CuZnMnNiSn0.2 (Fig. 7a1–a3) and Cu2ZnMnNiSn0.45 (Fig. 7b1–b4) HEge, (a2) EPMA-WDSmapping. (a3) STEM images of the dendrite region (C in Fig 7a2), (b1)
Table 3
Results of EPMA-WDS analysis in (a) CuZnMnNiSn0.2, (b) Cu2ZnMnNiSn0.45 HE brasses.
Regions Cu Zn Mn Ni Sn
(a) CuZnMnNiSn0.2
C Dendrite 25.6 22.6 22.1 24.9 4.8
D Inter-dendrite 68.2 5.1 5.7 7.5 13.6
(b) Cu2ZnMnNiSn0.45
E White phase 20.4 9.0 24.0 31.0 15.5
F Gray phase 49.5 22.6 13.1 12.0 2.7
G White (lamella) 20.8 8.0 24.6 30.5 16.1
H Gray (lamella) 49.0 22.1 13.7 11.9 3.3
Table 4
0.2% proof stress (σ0.2) [MPa] and Vickers hardness [Hv] of CuxZnMnNi (x = 1, 2, 3, and
4) ME brasses and CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses.





















Fig. 8. Nominal stress-nominal strain curves from compression test at room temperature
for equiatomic CuZnMnNi and non-equiatomic Cu2ZnMnNi ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses.
7T. Nagase et al. / Materials and Design 181 (2019) 107900brasses. The development of the columnar grains from the surface to the
central area, observed in the equiatomic CuZnMnNi (Fig. 6a1) and non-
equiatomic Cu2ZnMnNi (Fig. 6b1) ME brasses, was not observed in the
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses. The OM image of
the CuZnMnNiSn0.2 HE brass ingot shows an equiaxial dendrite struc-
ture (Fig. 7a1). The EPMA-WDS analysis (Fig. 7a2) shows that Cu and
Sn elements were enriched in the inter-dendrite region (D). Table 3a
shows the chemical composition analysis results of the dendrite
(C) and inter-dendrite (D) regions, obtained via EPMA-WDS. The den-
drite region (C) contained all constituent elements, with an atomic
ratio of 1:0.88:0.86:0.97:0.19 (Cu:Zn:Mn:Ni:Sn), which is close to the
nominal alloy composition of 1:1:1:1:0.2. Cu and Sn elements were
enriched in the inter-dendrite region (D), and Zn, Ni, and Mn elements
were also present in the inter-dendrite region (D). Fig. 7a3 shows the
STEM-bright field (BF) and high-angle annular dark field scanning
(HAADF) images of the dendrite region (C) in the CuZnMnNiSn0.2 HE
brass. A particular microstructure, composed of nanoscale rectangular-
like precipitates and a matrix, was observed; this nanoscale structure
formation in the dendrite region (C) will be described in more detail
in future works. Fig. 7b1 and b2 show the OM and SEM-BSE images of
the Cu2ZnMnNiSn0.45 HE brass, respectively. The dendrite structure,
which was observed in the CuxZnMnNi (x = 1, 2) ME brass (Fig. 6a1,
b1) and the CuZnMnNiSn0.2 HE brass (Fig. 7a1), was not observed in
the OM image in Fig. 7b1. The OM image in Fig. 7b1 and SEM back scat-
tering electron (BSE) image in Fig. 7b2 does not show any dendrite
structure but composites of white and gray contrast phases can be
seen in the Cu2ZnMnNiSn0.45 HE brass. The magnified SEM-BSE image
(Fig. 7b3) shows that the solidification microstructure was constructed
with white contrast phase (E), gray-contrast region (F), and eutectic-
like region (G + H) composed with fine-white contrast phase (G) and
fine-gray contrast phase (H). The EPMA-WDS analysis results for the
Cu2ZnMnNiSn0.45 HE brass are shown in Fig. 7b4. Table 3b shows the
chemical composition analysis results of the white contrast phase (E),
gray contrast region (F), andfine-white contrast (G) andfine-black con-
trast (H) phase in eutectic-like region (G + H), obtained via EPMA-
WDS. The chemical compositions of the E, F, G, and H regions show
the following tendencies: (1) Mn, Ni, and Sn were enriched in the
white contrast phase (E) and the fine-white contrast phase (G), (2) Cn
and Znwere enriched in the gray contrast phase (F) and fine-black con-
trast (H) phase, and (3) there was no significant compositional differ-
ences between the white contrast phase (E) and the fine-white
contrast phase (G), and between the gray contrast phase (F) and the
fine-black contrast (H) phase. Based on the solidificationmicrostructure
obtained via OM, SEM and EPMA (Fig. 7b and Table 3), and XRD analysis
results (Fig. 5b and Fig. S1 in the supplementary file), the following con-
clusion can be drawn: the composite of FCC phase and intermetallic
compound was obtained in the metallic mold casting ingots, and not
the typical dendrite structure but the fine solidification microstructure
composedwith non-facetwhite contrast phase (E), gray contrastmatrix
(F) and the eutectic-like region (G + H) was observed in the
Cu2ZnMnNiSn0.45 HE brass. The present work clarified that there were
significant differences in the solidification microstructure of theCu2ZnMnNi ME brass (Fig. 6b1–b3) and the Cu2ZnMnNiSn0.45 HE
brass (Fig. 7b1–b3) in spite of the similar constituent phases and
the fact that the main constituent phase was a FCC phase (XRD pat-
terns in Fig. 5b1 and b2). The increase in the Cu concentration in
the CuZnMnNi alloys as well as the Sn addition to the CuZnMnNi
and Cu2ZnMnNi alloys show a significant influence on the solidifica-
tion microstructure.
The 0.2% proof stress and Vickers hardness of the CuZnMnNi and
Cu2ZnMnNiME brass and the CuZnMnNiSn0.2 and the Cu2ZnMnNiSn0.45
HE brasses are summarized in Table 4. Focusing on the CuxZnMnNi ME
brasses, an increase in Cu leads to a decrease in the yield stress σ0.2 and
the Vickers hardness. The addition of Sn to CuZnMnNi and Cu2ZnMnNi
ME brasses was significantly effective in increasing the σ0.2 and Vickers
hardness. Fig. 8 shows the stress-strain curves of the CuZnMnNi and
Cu2ZnMnNi ME brasses (red curves) and the CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 HE brasses (blue curves). The CuZnMnNi and
Cu2ZnMnNi ME brasses show superior ductility. The addition of Sn to
CuZnMnNi and Cu2ZnMnNi ME brasses reduced the ductility in spite
of the significant hardening. In the CuZnMnNi and Cu2ZnMnNi ME
brasses, the constituent phases were identified as BCC and FCC phases.
The formation of a composite of the FCC and B2 phases has been re-
ported in [CuMnZn]65Zn35 and [CuMnZn]60Zn40 alloys [8]. The BCC
phase may show chemical ordering based on the B2 phase, which may
lead to the high mechanical strength of the BCC phase. The decrease in
mechanical strength with the increase of Cu concentration corresponds
to the decrease in the fraction of BCC phase in the CuxZnMnNi ME
brasses. The improvement in mechanical strength by the addition of a
small amount of Sn in CuZnMnNi and Cu2ZnMnNi ME brasses was not
clarified in detail, and the followingmay be considered as the important
factors: Macroscopic casting defects, which affect mechanical proper-
ties, were not detected in the metallic mold casting ingots in either
the CuZnMnNi and Cu2ZnMnNi ME brasses or the CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 HE brasses. The increase in the yield stress by the
8 T. Nagase et al. / Materials and Design 181 (2019) 107900addition of Sn was not explained by the reduction of macroscopic cast-
ing defects in the ingots. The size of the solidification microstructure in
the Cu2ZnMnNiSn0.45 HE Brass (Fig. 7b1–b3) was much finer than that
in the CuZnMnNi (Fig. 6a1–a3) and Cu2ZnMnNi (Fig. 6b1–b3) ME
brasses and the CuZnMnNiSn0.2 (Fig. 7a1–a2) HE brass. The refinement
of the solidification microstructure was generically effective in improv-
ing the mechanical properties of the ingots; however, the significant
hardening and the decrease in the compressive ductility by the addition
of a small amount of Sn cannot be explained only by the formation of
fine solidification microstructure. The structural change induced by Sn
addition, especially the formation of a particular nanoscale structure in
the main dendrite region (Fig. 7a3), may be the reason the yield stress
of CuZnMnNiSn0.2 HE brass was much higher than that of CuZnMnNi
ME brass. The high mechanical strength of Cu2ZnMnNiSn0.45 HE brass
is considered to be attributed to the formation of the L21 structure
phasewith a fine solidification structure. Further investigation of the re-
lationship between the solidification microstructure covering scales
from the nanoscale (such as the formation of nanoscale size precipi-
tates) to the macroscopic scale (such as casting defects) and the me-
chanical properties will clarify the reason why Sn addition was
effective in increasing the yield stress.5. Discussion
The constituent phases (Fig. 5) and the solidification microstructure
(Figs. 6 and 7) in the CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses were strongly depen-
dent on the Cu concentration and Sn addition. Fig. 9 shows the alloy
map in the CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses. The equiatomic
CuZnMnNi ME brass had a dual structure containing BCC and FCC
phases. The increase in the Cu concentration in the CuxZnMnNi (x =
1, 2, 3, and 4) ME brasses enhanced the FCC phase formation tendency,
resulting in the presence of only sharp peaks corresponding to FCC
phase in the XRD patterns of the Cu-rich Cu2ZnMnNi, Cu3ZnMnNi, and
Cu4ZnMnNi ME brasses. The Sn addition in the equiatomic CuZnMnNi
ME brass enhanced the BCC phase formation tendency, and only sharp
peaks corresponding to BCC phase was observed in the XRD pattern of
the CuZnMnNiSn0.2 HE brass. The Sn addition in non-equiatomic
Cu2ZnMnNi ME brasses led to a significant change in the solidification
microstructure. The Cu2ZnMnNiSn0.45 HE brass showed a finer solidifi-
cationmicrostructure than that of the CuxZnMnNi (x=1, 2)ME brasses
and CuZnMnNiSn0.2 HE brass. Minor sharp peaks, which were deter-
mined not to be BCC and FCC phases, were observed in the XRD pattern
of the Cu2ZnMnNiSn0.45 HE brass. The effects of the Sn addition on the
constituent phases and solidification microstructure in the ingots were
different in equiatomic CuZnMnNi and Cu-rich non-equiatomic
Cu2ZnMnNi ME brasses.Fig. 9. Alloy maps of constituent phases in CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses andThe valence electron concentration (VEC) parameter is a frequently
used parameter to predict the phase stability of FCC and BCC structures





where VECi is the value of VEC for a pure element. The VEC or the elec-
trons per atom ratio (e/a) has been used to predict the phase stability
of HEAs in detail [6]. There are some exceptions to the VEC rule, how-
ever, which provide convenient predicting and designing methods for
3d-transition-metal-type HEAs and refractory HEAs [5,6,17]. Table 5
shows the constituent phases evaluated by XRD patterns and the VEC
values for the CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses. The constituent
phases in the ME brass and HE brass ingots cannot be classified by the
VEC rules applied for 3d-transition metal type HEAs and refractory
HEAs. Further investigation is necessary for the discussion about the ap-
plication of VEC rules to predict the constituent phases in ME brasses
and HE brasses. It should be emphasized here that the present study is
the first report on the development of CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 HE brasses and the alloy map of ME brasses and HE
brasses. The alloymap shown in Fig. 9was used as a guide for the devel-
opment ofME andHEbrasses. The increase in Cu concentrationmay en-
hance the ductility of the CuxZnMnNiSn0.2 ingots and changes in the Sn
concentration CuZnMnNiSny (0byb0.2) may result in a good balance of
mechanical strength and ductility. Control of the alloy composition
through the changes in y values of Cu2ZnMnNiSnymay lead to highme-
chanical strength and superior ductility simultaneously by changing the
constituent phases, including intermetallic compounds and solidifica-
tion microstructure. Further modification of the Cu-Zn-Mn-Ni ME and
Cu-Zn-Mn-Ni-Sn HE brasses will be reported in future studies. Finally,
it should be emphasized that ingots without casting defects can be ob-
tained by conventional casting processes via high-frequency melting
using silica-based crucibles under Ar flow and via centrifugal casting
using a metallic mold under air. The ease of ingot fabrication without
the use of special equipment or atmospheres as well as the possibility
of improved mechanical properties by modification of the alloy system
and alloy compositions indicates that ME and HE brasses have great po-
tential in the field of MEAs and HEAs.
6. Conclusions
In this study, CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and
CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses were designed. The
constituent phases, solidification microstructure, and mechanical prop-
erties of the ingots obtained viametallicmold castingwere investigated.
The obtained results are summarized as follows:CuZnMnNiSn0.2 and Cu2ZnMnNiSn0.45 HE brasses. IM means intermetallic compounds.
Table 5
Constituent phases in ingots obtained bymetallic mold casting, evaluated by XRD analysis
and VEC parameters of CuxZnMnNi (x=1, 2, 3, and 4)MEbrasses and CuZnMnNiSn0.2 and
Cu2ZnMnNiSn0.45 HE brasses.
Alloys Phase VEC





Cu2ZnMnNiSn0.45 FCC + IM 9.7
9T. Nagase et al. / Materials and Design 181 (2019) 107900(1) CuxZnMnNi (x = 1, 2, 3, and 4) ME brasses and CuZnMnNiSn0.2
and Cu2ZnMnNiSn0.45 HE brasses were designed based on the
empirical alloy parameters using ΔSmix, ΔHmix, δ, and Ω parame-
ters, together with the ΔHi-j, ri, and (Tm)i matrixes.
(2) The constituent phases in the CuxZnMnNi (x=1, 2, 3, and 4)ME
brasses were strongly dependent on the Cu concentration. Dual
BCC and FCC phases were formed in the equiatomic CuZnMnNi
ME brass, while a single FCC phase was obtained in the Cu-rich
CuxZnMnNi (x = 2, 3, and 4) ME brasses.
(3) The Sn addition in CuxZnMnNi (x = 1, and 2) ME brasses signif-
icantly effects the constituent phases and solidification micro-
structure of the ingots. The Sn addition in equiatomic
CuZnMnNi ME brass enhanced the BCC phase formation,
resulting in a single BCC phase in the CuZnMnNiSn0.2 HE brass.
(4) The CuxZnMnNi (x = 1, and 2) ME brasses have superior ductil-
ity.
(5) The addition of Sn to CuZnMnNi and Cu2ZnMnNi ME brasses re-
duced the ductility in spite of the significant hardening of the
ingots.
Declarations of Competing Interest
None.
CRediT authorship contribution statement
T. Nagase: Supervision, Investigation, Writing - original draft. A.
Shibata: Investigation, Writing - review & editing. M. Matsumuro: In-
vestigation, Writing - review & editing. M. Takemura: Investigation,
Writing - review & editing. S. Semboshi: Investigation,Writing - review
& editing.
Acknowledgements
This work was partially supported by JSPS KAKENHI [grant number
18K04750, 19H05172] and scientific grants from the Japan Copper andBrass Association. A part of this work was performed under the inter-
university cooperative research program of (Proposal No.18G0036)
the Cooperative Research and Development Center for AdvancedMate-
rials, Institute for materials Research, Tohoku University. The authors
are grateful to Mr. I. Narita at Tohoku University for his help with the
EPMA measurements.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.107900.References
[1] B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Microstructural development in
equiatomic multicomponent alloys, Mater. Sci. Eng. A 375-377 (2004) 213–218.
[2] J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin, T.T. Shun, C.H. Tsau, S.Y. Chang, Nano-
structured high-entropy alloys with multiple principal elements: novel alloy design
concepts and outcomes, Adv. Eng. Mater. 6 (2004) 299–303.
[3] Y. Zhang, Y.J. Zhou, J.P. Lin, G.L. Chen, P.K. Liew, Solid-solution phase formation rules
for multi-component alloys, Adv. Eng. Mater. 10 (2008) 534–538.
[4] S. Ranganathan, Alloyed pleasures: multimetallic cocktails, Curr. Sci. 85 (2003)
1404–1406.
[5] B.S. Murty, J.-W. Yeh, S. Ranganathan, High-entropy Alloys, first ed. Elsevier,
Netherlands, 2014.
[6] M.C. Gao, J.-W. Yeh, P.K. Liaw, Y. Zhang, High-entropy Alloys: Fundamentals and Ap-
plications, first ed. Springer, 2016.
[7] D.B. Miracle, O.N. Senkov, A critical review of high entropy alloys and related con-
cepts, Acta Mater. 122 (2017) 448–511.
[8] K.J. Laws, C. Crosby, A. Sridhar, P. Conway, L.S. Koloadin, M. Zhao, S. Aron-Dine, L.C.
Bassman, High entropy brasses and bronzes - microstructure, phase evolution and
properties, J. Alloys Compd. 650 (2015) 949–961.
[9] S. Mridha, S. Samal, P.Y. Khan, K. Biswas, Govind, processing and consolidation of
nanocrystalline Cu-Zn-Ti-Fe-Cr high-entropy alloys via mechanical alloying, Metal.
Mater. Trans. A 44 (2013) 4532–4541.
[10] S. Guo, Q. Hu, C. Ng, C.T. Liu,More than entropy in high-entropy alloys: forming solid
solutions or amorphous phase, Intermetallics 41 (2013) 96–103.
[11] X. Yang, Y. Zhang, Prediction of high-entropy stabilized solid-solution in multi-
component alloys, Mater. Chem. Phys. 132 (2012) 233–238.
[12] A. Takeuchi, A. Inoue, Classification of bulkmetallic glasses by atomic size difference,
heat of mixing and period of constituent elements and its application to character-
ization of the Main alloying element, Mater. Trans. 46 (2005) 2817–2829.
[13] http://www.eonet.ne.jp/~mitsuwa-chem/, Accessed date: 26 April 2018.
[14] http://www.osaka-asahi.com/, Accessed date: 26 April 2018.
[15] T. Nagase, M. Takemura, M. Matsumuro, T. Maruyama, Solidification microstructure
analysis of AlCoCrFeNi2.1 eutectic high entropy alloy ingots, Mater. Trans. 59 (2018)
255–264.
[16] T. Nagase, M. Takemura, M. Matsumuro, T. Maruyama, Solidification microstructure
analysis of AlCoCrFeNi2.1 eutectic high entropy alloy ingots, J. Japan Foundry Eng.
Soc. 89 (2017) 119–129 (in Japanese).
[17] S. Guo, C. Ng, J. Lu, C.T. Liu, Effect of valence electron concentration on stability of fcc
or bcc phase in high entropy alloys, J. Appl. Phys. 109 (2011), 103505 (1–6).
